Characterization of the Oxidation Kinetics of FeCrAl Ferritic Stainless Steels at 900°C for Catalytic Converter Applications by Stamm, Stacy
  
 
 
 
Characterization of the Oxidation Kinetics of FeCrAl 
Ferritic Stainless Steels at 900°C for Catalytic 
Converter Applications 
 
Stacy Stamm 
Advisor: Dr. Blair London 
Partner: ACAT Global 
IAbstract 
This study characterized the oxidation kinetics of two types of ferritic stainless steel foils used as 
substrates for catalytic converters. Catalytic converters rely on an alumina layer on the surface of 
the foils, which allows the catalyst to attach to the substrate. Because the alumina layer is so 
important, this study characterized the weight gain, thickness, and composition of the alumina as 
it grew at 900°C for up to 400 hours. The two foils characterized were an MK foil, used for 
gasoline engines, and an EMS foil, used for diesel engines. The MK foil showed a percent weight 
gain of up to 3.6%, an alumina thickness of up to 6 micrometers and a composition of primarily 
Al2O3 through the entire oxide. The EMS foil had a percent weight gain of 3.5% and an alumina 
thickness of 3 microns after 400 hours at elevated temperature. The alumina, where present, 
contained primarily Al2O3. The EMS foil, though, had sections of iron and chromium oxide 
growing after 200 hours. These oxides went through the entire foil and would break off easily, 
which would prevent the foil from acting as a substrate for a catalyst.  Overall, the MK foil showed 
good oxidation characteristics for use as a substrate for catalytic converters, while the EMS 
should be improved.  
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1Introduction  
Problem Statement 
This study will aid the process development of FeCrAl ferritic stainless steel alloy foils as a 
metallic substrate for diesel engine catalytic converters by characterizing the growth of aluminum 
oxide on the foils during exposure at 900°C for 400 hours in laboratory air. Characterization of the 
aluminum oxide will include visual, compositional, and parabolic rate constant analysis as well as 
analysis of the change in weight gain. The characterization will be used to improve the processing 
of the aluminum oxide so it can better protect the foils from oxidation and provide better 
attachment of the catalyst.   
 
History of Catalytic Converters 
Increasing personal automobile use in the 1940s and 1950s caused a drastic decline in air 
quality, especially in large metropolitan areas1. This prompted the Environmental Protection 
Agency (EPA) to introduce the first Clean Air Act in 1970, which required automobile companies 
to reduce the toxic gas emissions from their products. The Clean Air Act has been amended twice 
since its initial inception, in 1977 and 1990. Both amendments increased deadlines, but also set 
new goals2. The Clean Air Act of 1970 forced automobile companies to reduce the toxic 
emissions from their vehicles. The most efficient way to do this was by implementing the use of 
catalytic converters to clean the exhaust before it was released into the air. So, in 1975, 
automobile companies started to add catalytic converters to every car manufactured for sale in 
the United States2. The initial catalytic converters used a ceramic monolith as the substrate to 
hold the catalyst3. Ceramic substrate catalytic converters have dominated the market since 1975, 
yet metallic substrate catalytic converters are slowly being introduced and growing interest 
quickly.  
 
Catalytic Converters Overview 
Catalytic converters are used to reduce toxic emissions from automobiles by removing carbon 
monoxide, hydrocarbons, and nitrogen oxides from automobile exhaust3. These toxins are 
produced due to incomplete combustion in the engine. Carbon monoxide and hydrocarbons are 
oxidized to produce carbon dioxide, while nitrogen oxides are reduced to nitrogen and water 
(Equations 1-3)3. 
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These reactions occur at the catalyst, which is attached to the substrate of the catalytic converter.  
The substrate, whether metallic or ceramic, utilizes a honeycomb structure, which allows for 
increased surface area per volume4 (Figure 1). The structure has many narrow channels for the 
exhaust to flow through, while providing turbulence and slowing airflow to provide time for the 
reactions to occur5.  
 
Figure 1: Image showing the structure of a ceramic substrate catalytic converter compared 
to a metallic substrate catalytic converter. For both types of converters, exhaust will flow 
in one end, through the channels, react with the catalyst, and out the other end6.  
 
For the catalyst to be attached to the substrate, the substrate must first be coated with a porous 
surface.  If the substrate is ceramic, the substrate is coated with a layer of porous washcoat then 
the catalyst is attached to the washcoat. If the substrate is metallic, the catalyst will attach to an 
oxide layer on the surface of the metal foils.4 The washcoat or oxide is highly porous and rough, 
allowing for strong attachment of the catalyst, as well as increasing surface area. The macroscale 
and microscale structures of the substrate allow for the high surface area, and maximize the 
number of reactions that can occur.  
 
3Metallic Substrate Catalytic Converters 
A catalytic converter using a metallic substrate was first invented in 1950. The converter was 
made of Nichrome wire coated with a noble metal and was used to reduce odors in ovens5. 
Metallic substrate converters were not used for automobiles until recently and are just becoming 
popular, especially in diesel engines5. Unlike ceramic substrate converters, metallic substrates 
rely on their own surface oxide, typically alumina, to act as the porous material which allows the 
attachment of the catalyst5 (Figure 2). The oxide on the surface of the substrate also protects the 
metallic substrate from oxidation that will occur to the metal substrate at the operating 
temperatures of the catalytic converter5. Therefore, the aluminum oxide growth on the metallic 
substrate is important to the life, and use, of the catalytic converter.  
 
 
Figure 2: Diagram showing a schematic cross-section of metallic substrate catalytic 
converter. The schematic shows the catalyst, on top, attached to the oxide layer after it 
has been grown on the surface of the substrate. 
 
Metallic substrates are typically made of a ferritic stainless steel, containing 17-22% chromium 
and 5-8% aluminum5. The aluminum in the stainless steel provides aluminum for aluminum oxide 
(alumina) to grown on the surface of the substrate. A small percentage of reactive elements are 
also added to the stainless steel to increase the oxidation resistance, these may include but are 
not limited to Y, Ce, Zr, La, or Nb7. As the alumina grows on the surface of the stainless steel, 
these elements congregate at the grain boundaries which helps to prevent oxygen from diffusing 
through the alumina and into the alloy7.  
 
Metallic substrates are made using the similar honeycomb structure as ceramic substrates, to 
allow for increased surface area. The thin foils used for metallic substrates are thinner than the 
walls of ceramic substrates, so they can have many more narrow channels in the same volume 
(Figure 3). Unlike ceramic substrate catalytic converters, metallic substrates catalytic converters 
do not need a metal casing to be able to connect with the exhaust since both are steel. 
Metallic Substrate 
Oxide 
Catalyst 
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Figure 3: Image of a cross-section of a metallic substrate catalytic converter. Notice the 
narrow channels for air to flow through as well as the minimal casing around the 
converter8.  
 
Compared to ceramic substrate catalytic converters, metallic substrate converters allow for 
increased mechanical resistance, thermal conductivity, and cell density, as well as decreased 
pressure drop and wall thickness5,4. Increasing the mechanical resistance within the catalytic 
converter slows down the flow of the exhaust through the converter, which provides more time for 
the reactions to occur and all of the toxins to be removed. Increased thermal conductivity 
compared to ceramic substrates improves heat dissipation from the converter, preventing it from 
overheating as the hot exhaust flows through. This increase in thermal conductivity is caused by 
the conductive nature of metals, while ceramics are insulating. Increased cell density and 
decreased pressure drop and wall thickness allow for more exhuast to flow within a smaller area, 
improving the efficiency of the converters compared to ceramic substrates. Improvements in 
mechanical resistance, cell density, and pressure drop can be made because the thin foils used 
to make the substrate are easily deformable after initial production.4 Decreased wall thickness is 
also possible because metals are less brittle than ceramics so they can be made into thinner 
foils5. Metallic substrates also have a lower cost because they are simpler to manufacture, are 
easier to attach to the exhaust pipe, and are more disposable since they are metallic5. All of these 
advantages are helping to increase the use of metallic substrates over ceramic substrates for use 
in catalytic converters.  
 
Alumina Growth on Metallic Substrates 
Alumina growth on the surface of the substrate typically goes through three stages when heated 
between 900°C and 1100°C, possibly ending in breakaway oxidation and failure of the part. The 
first stage is the alumina growth stage. Alumina growth on the surface occurs as oxygen diffuses 
into the alloy, or through the oxide, and aluminum diffuses to the surface of the foil8. The 
5aluminum and oxygen can either make a stable alumina, α-Al2O3, or an unstable alumina, θ-
Al2O3. Alumina growth on the surface starts as a mixture of both stable and unstable alumina, 
with the θ-Al2O3 transitioning to α-Al2O3 after about 40 hours at high temperature. Unstable 
alumina is more likely to grow at temperatures below 900°C, so it is important that the foils heat 
up quickly to minimize this growth9. The alumina grows out of the alloy in diverse grain sizes and 
shapes as well as grows into the substrate10. At the start of this growth stage, alumina grows 
rapidly on the surface of the substrate. This stage occurs as long as there is still aluminum left in 
the alloy and is characterized by a grey colored substrate11. This is the longest stage, as alumina 
growth slows down until there is no more aluminum left in the alloy.  
 
During the second stage, the aluminum in the alloy is completely depleted and chromium oxide 
(Cr2O3) begins to grow just below the surface of the alumina. This stage is characterized by a 
green color, and usually lasts only for a short period of time compared to the first stage.  
 
Finally breakaway oxidation occurs, the entire alloy quickly oxidizes and becomes only chromium 
oxide (Cr2O3) and iron oxide (Fe2O3)10 (Figure 4). Breakaway oxidation causes the catalytic 
converter to fail because there is no alumina left for the catalyst to adhere to and the entire 
substrate has oxidized. The beginning of breakaway oxidation is end of the life of the catalytic 
converter and it cannot be used after this point. If breakaway oxidation occurs the converter must 
be replaced, so this stage should occur as late as possible. This stage is characterized by the 
foils turning black and flaking off. Characterization of the alumina growth of the sample is 
important in identifying at what point these stages occur and when they will be reached for each 
specific alloy. 
 
Figure 4:Diagram of alumina growth on ferritic stainless steel foil. The first stage is 
alumina growth (1), followed by chromium oxide growth (2), and finally breakaway 
oxidation (3).10 
 
Characterization of the growth kinetics of the stainless steel foils includes monitoring the oxide 
weight gain over time at elevated temperatures and then creating an oxide weight gain verse time 
at curve (Figure 5). This curve will be used to calculate the parabolic rate constant for growth of 
6the alumina on the specific substrate being tested (Equation 4). The parabolic rate constant then 
can be used to compare the substrate to other metallic substrates currently on the market. This 
graph, the rate constant, and visual and composition analysis, will be used to fully characterize 
the alumina growth on a specific alloy.  
 
 
 
Figure 5: Typical oxide weight gain verses oxidation time graph showing alumina growth 
(1), chromium oxide growth (2) and breakaway oxidation (3) stages.10  
 
! 
"W = Dt      Equation 412 
Where ΔW is the weight change of the foil, D is the parabolic rate constant and t is the time at 
elevated temperature in seconds. 
 
At 900°C alumina is more likely to grow in an θ-Al2O3 phase, meaning it grows in long thin 
whiskers or platelets. This phase is metastable and will break down easily once a different 
temperature has been reached. θ-Al2O3 will stay stable at lower temperatures, but if higher 
temperatures are ever reached, it was breakdown in to a stable α-Al2O3 phase. At higher 
temperatures this stable α-Al2O3 phase is most likely to grow on the foils. This phase grows in 
mainly the whisker form.13  
Oxidation Testing 
Two different types of oxidation testing can be performed to create the oxidation weight gain 
verse time graphs and determine the parabolic rate constant as well was characterize the alloy 
(Figure 6). Cyclic oxidation testing is performed to failure of the alloy and is used for 
characterization of the entire lifetime of the substrate. Isothermal oxidation focuses on 
characterizing the growth portion of the graph. In cyclic oxidation, samples are oxidized for as 
long as 4,000 hours at high temperature. Each foil is taken out of the furnace, cooled and 
weighed at predetermined cycle intervals, then put back into the furnace for continued cycling.  
Percent oxide 
weight gain (%) 
Oxidation time at 900°C (hrs) 
Breakaway 
oxidation 
Al depletion 
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Figure 6: Example of an oxidation curve comparing the weight gain to the time at elevated 
temperatures.14 
 
For isothermal oxidation, samples are only left in the furnace for maximum of 500 hours. Specific 
samples are removed at intervals and weighed, but never put back into the furnace. Cyclic 
oxidation measures the effect of many heating and cooling cycles on the alloy until it fails, while 
isothermal oxidation measures the oxide growth while it is left at high temperature for long 
periods of time. Isothermal oxidation will be performed in this study to better characterize the 
oxidation growth on the foils. This will aid the process development of the alloy by defining the 
growth kinetics of the aluminum oxide. 
 
Broader Impacts 
This study will impact society and the environment by helping to decrease global warming and 
smog. Carbon monoxide emissions have decreased by 32% since catalytic converters were first 
required in automobiles in 19752 (Figure 7). The used of catalytic converters since 1975 has 
eliminated over 800 million tons of hydrocarbons, carbon monoxide, and nitric oxides (NOx) from 
the exhaust of automobiles3.  
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    (A)      (B) 
Figure 7: Charts showing a decrease in toxic emissions produced by American cars from 
1970-1990. Both hydrocarbons (A) and carbon monoxide (B) emissions decreased over 
this period1. 
 
By helping to improve catalytic converter technology, this study can help to decrease carbon 
monoxide emissions even more, as well as decrease hydrocarbon and nitric oxide emissions. 
Decreasing these toxic emissions will help to slow the degradation of the ozone, as well as 
reduce the amount of smog and poor air quality in cities (Figure 8).  
 
Figure 8: Graph showing reduction in Stage 1 “Alert Days” in Los Angeles (A), the number 
of the cars on the road (B), and the peak ozone levels (C)1. 
 
Metallic substrate catalytic converters also provide the environmental benefit of being more 
recyclable than ceramic substrate converters. It also takes fewer steps, and materials, to 
manufacture the metallic substrate converters, so less energy is used for production, which also 
helps the environment7. 
 
9Design Constraints 
The most significant design constraint affecting metallic substrate catalytic converters is the 
manufacturing requirements for the converter. Metallic substrate catalytic converters must be able 
to meet the same functions as the standard ceramic substrate catalytic converters, while also 
offering improvements to convince automobile companies to switch types of converter. To do this, 
the manufacturing of the converters must create small channels for the air to pass by the catalyst, 
while still maintaining pressure and reducing the resistance to flow within the converter4. The 
converters must also be manufactured so there is radial flow within them, and turbulence inside 
each channel, which will allow for the reactions to occur5. To compete with ceramic substrate 
catalytic converters, the metal substrate converters need to be manufactured to minimize the 
amount of packaging around the substrate, as well as provide for easy attachment to the 
exhaust4,15. These manufacturing constraints limit the design of the converters, providing a 
narrow path to follow to create a converter that will be competitive with the current ceramic 
substrate catalytic converters.  
 
The environmental impact of a metallic substrate catalytic converter also limits the design 
because the converter must meet all the laws outlined by the EPA16. This limits the design of the 
converter and metal substrate because they must minimize the toxins being emitted by 
automobiles and be effective enough to be used in the environment. Economic constraints also 
affect the design of the metal substrate catalytic converter because it is competing with current 
ceramic substrate catalytic converters. So, the metal substrate converters must be below the cost 
of the current ceramic substrate catalytic converters. The converter must also be as cost effective 
as possible because it is an add-on that most consumers are not buying by choice. 
 
Materials 
Two types of FeCrAl foils were analyzed in this study. To produce the foils, aluminum is bonded 
to both sides of a ferritic stainless steel core. The material is then put through diffusion annealing, 
where the aluminum diffuses into the stainless steel core17. The first foil, EMS, is used as the 
metallic substrate for catalytic converters used in diesel engine (Table I). The composition of the 
foil that is not chromium, aluminum, carbon, manganese, silicon, or sulfur is made of iron. 
Compared to most foils used in high temperature foils for catalytic converters no rare earth are 
added to this foil. 
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Table I: Composition of EMS Foils17 
Element Weight Percent 
Chromium 14.7-16.4 
Aluminum 5.0-6.0 
Carbon <0.08 
Manganese <0.8 
Silicon <0.8 
Sulfur <0.01 
 
The other foil, MK, is used for catalytic converters in gasoline engines and is produced by 
Metallfolien (Table II). These foils are for higher temperature applications, and can last longer at 
elevated temperatures than the EMS foils. They also contain less silicon and a variety of rare 
earth elements, which help to protect the oxide at high temperatures.  
 
Table II: Composition of MK Foil18 
Element Weight Percent 
Carbon <0.05 
Silicon ~0.3 
Aluminum 5.5-6 
Chromium ~20 
Rare Earth Elements 0.06-0.12 
 
 
Experimental Procedures 
Weight Gain Analysis 
A balance which measured to 0.01 mg was needed for the weight gain analysis of the foils. 
However, this balance could not be purchased, so a balance that measured to 0.1 mg was used 
for the weight gain analysis. The accuracy was then assumed to be within 1 mg, so the balance 
would not be able to tell the difference between 35.4 mg and 35.9 mg. A small furnace which 
heats to 1100°C was needed to perform the analysis. This furnace could also not be purchased, 
so a larger furnace with a maximum temperature of 950°C was used.  
 
11
To set up the furnace, measurements, using thermocouples, were taken in the center of the 
furnace to determine the actual temperature inside the furnace. These measurements showed 
the readout on the furnace control panel was 12°C lower than the actual temperature of the 
furnace, so for the EMS foil, the furnace temperature was set at 912°C. Measurements taken 
after the EMS foil testing was performed showed that the back of the furnace was actually at 
920°C, the middle at 912°C, and the front at 905°C when the furnace was set at 912°C (Table III). 
So for the MK foil, the furnace was set at 900°C.  
Table III: Furnace Temperature Measurements 
Location Furnace Set Point (°C) Actual Temp (°C) 
Center (before EMS foil) 900 889 
Front Left* 912 886 
Front Right*  912 878 
Back Left* 912 920 
Back Right* 912 911 
Center Middle* 912 907 
Center Left* 912 914 
Center Right* 912 916 
*Measurements taken after EMS foil testing 
 
 
Prior to starting testing, the furnace was turned on to the proper temperature the night before. 
Alumina beams were placed into the furnace at this time. The alumina beams were high purity 
alumina from Coorstek, they were 1 cm by 5 cm. These beams provided a place for the samples 
to rest so they did not touch the bottom of the furnace and possibly be contaminated. The 
alumina beams were placed over the entire furnace for the EMS testing, but for the MK testing, all 
the beams were placed in the back of the furnace (Figure 9). The furnace was then allowed to 
heat up overnight with the beams in place. 
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        (a)        (b) 
Figure 9: Diagrams showing the placement of the alumina beams prior to testing for the 
EMS foils (a) and the MK foils (b). 
 
To prepare the samples, each sample was first cut from the rolls of foil. Each sample was cut so it 
fit onto the alumina beam, so each sample was roughly one centimeter wide and five centimeters 
long. The samples were then smoothed by hand so they would lay flat on the alumina beam. To 
clean the samples, they were soaked in acetone for 30 seconds, then rinsed with ethanol and set 
to dry on the alumina beam. Once the sample was completely dry, the sample on the alumina 
beam was weighed on the balance and the weight recorded as the initial total weight.  
 
Samples were placed on alumina beams so they would not become contaminated while they 
were in the furnace from touching anything around them. They also had to be placed on 
something so they were not touched during the removal process, or an accurate weight may not 
have been measured. Alumina was chosen as the ceramic to place the foils on because it was 
the only ceramic found that could withstand the high temperatures without degrading or gaining 
weight.  
 
Samples were placed into the furnace one at a time, starting at 8:00 am on the start date, Day 1. 
The furnace was already at temperature by this time. The samples were placed starting with the 
back left corner sample and moving to the right, then starting the next row. The samples filled the 
entire furnace for the EMS foil, yet only filled the back half of the furnace for the MK foil (Figure 
10). While placing the samples in the furnace, the furnace was only allowed to drop to 820°C, if it 
got below this temperature, the door was closed and the furnace was allowed to heat up again.  
13
 
Figure 10: Photograph of the inside of the furnace with all of the EMS foil samples and 
alumina beams inside of it. 
 
Two samples were removed from the furnace every 50 hours following a strict schedule (Table 
IV). Each sample was removed one at a time and placed on alumina beams on a refractory brick 
and allowed to cool to room temperature (Figure 11). The samples were allowed to cool for a 
minimum of one hour to make sure room temperature was reached.   
Table IV: Schedule for Sample Removal 
Day Time Samples to Be Removed 
3 10:00 AM 15 & 16 
5 12:00 PM 13 & 14 
7 2:00 PM 11 & 12 
9 4:00 PM 9 & 10 
11 6:00 PM 7 & 8 
13 8:00 PM 5 & 6 
15 10:00 PM 3 & 4 
17 12:00 AM 1 & 2 
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Figure 11: Photograph of two samples as they cool on the alumina beam on an refractory 
brick. 
 
Once the foil and alumina beam had cooled to room temperature both were weighed on the 
balance and that weight recorded as the final total weight for that time’s exposure. The foil 
sample was then carefully removed from the alumina bar and placed into a properly labeled 
sample bag. The weight of the alumina bar was then measured. The initial total weight, final total 
weight, and alumina weight provided enough information for the calculation of the percent weight 
change of the foil.  
Oxide Thickness Analysis 
The thickness of the solid oxide and whiskers were measured for each sample. Five images were 
taken of a cross-section of each sample using the FEI Scanning Electron Microscope (SEM) set 
on high voltage. The samples were cross-sectioned using scissors to allow a clear cross-section 
of the oxide to be seen. The samples were then placed in stainless steel metallography clips, 
which allowed the cross-section to be perpendicular to the electron beam. The samples in the 
holders were then placed on SEM sample stages and imaged. The oxide and whisker thickness 
were measured using ImageJ software. Two measurements were taken for each image, so a total 
of 20 measurements were taken for each oxidation time, 10 measurements per sample.  
 
During oxide thickness analysis, qualitative analysis of the structure of the oxide was also 
performed. This included comparing the structure and size of the whiskers growing out of the 
base oxide to determine if a catalyst could attach to it.  
Compositional Analysis 
Composition measurements of the cross-sections of the samples including the oxide layers and 
foil were taken using an electron dispersive spectroscopy (EDS) system on the JEOL Scanning 
Electron Microscope. The samples were prepared in the same way as the samples for the 
oxidation thickness measurement samples. Three EDS measurements per sample were then 
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taken of the oxide layer, whiskers, and foil. Only five samples for each foil type had compositional 
analysis performed on them (Table V).  
Table V: Samples for Compositional Analysis 
Sample Oxidation Time 
1 400 
5 300 
9 200 
13 100 
0 0 
 
Results 
Weight Gain Analysis 
An oxide weight gain versus oxidation time chart for each foil was created using the data 
collected from the weight gain analysis. Error bars were added to the charts based on the error 
from the balance of ±1 mg. The maximum percent weight gain for each foil was also determined 
based on the measurements taken. Finally, the parabolic oxidations rate constant for each foil 
was calculated.   
 
The MK foils had a maximum percent weight gain of 3.729%, while the EMS foils had a maximum 
percent weight gain of 3.608%, after 400 hours at 900°C. The oxide weight gain versus oxidation 
time charts both show a parabolic increase in percent weight gain, leveling off at around 3.5% 
and 3.3% for MK and EMS foils, respectively (Figure 12). The parabolic rate constant was 
calculated to be 0.0308%2/hr for the MK foil and 0.0244%2/hr for the EMS foil (Table VI). To 
determine the parabolic rate constant, a trendline was drawn on a percent weight gain squared 
versus time graph. The R2 value for the MK foil was 0.91, meaning the treadline fit the data and 
the parabolic rate constant calculated for the MK foil is accurate. On the other hand, the R2 value 
for the EMS foil was 0.63, meaning the treadline is not accurate, and the parabolic rate constant 
is not a good representation of the growth of the EMS foil.  
Table VI: EMS and MK Foil Weight Gain Properties 
Property EMS MK 
Maximum Percent Weight Gain (%) 3.608 3.729 
Level off (%) 3.3 3.5 
Parabolic rate constant (%2/hr) 0.0244 0.0308 
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(a) 
 
(b) 
Figure 12: Graphs showing the percent weight gain versus oxidation time for the MK foils 
(a) and the EMS foils (b).  
 
The EMS foil started to level off in weight gain around 200 hours, at this point a black oxide also 
began to grow on the edges of the foils (Figure 13). The black oxide was overtaking the entire 
stainless steel, so it was completely composed of oxide. The oxide was brittle and would break off 
without much force.  
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Figure 13: Image of the black oxide as it grew on the edges of an EMS foil. 
 
Oxide Thickness Analysis 
Measurements using ImageJ were combined into oxide thickness and whisker length versus 
oxidation time graphs. These graphs were then compared to the weight gain versus oxidation 
time graphs to see if they matched. Whisker length was difficult to measure because the lengths 
had a large amount of scatter, which is represented in the data.  
 
The oxide thickness of both the EMS and the MK foils had similar curves to the percent oxide 
weight gain curves. The oxide thickness of the EMS foil leveled off at around 200 hours while the 
MK foil continued to grow through 400 hours (Figure 14). The EMS foils only grew to a maximum 
mean thickness 3.05 µm, compared to 5.82 µm for the MK foils (Figure 15). 
Black 
Oxide 
0.5 cm 
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(a) 
   
(b) 
Figure 14: Graphs showing the oxide thickness growth both the EMS (a) and MK (b) foils.  
 
Figure 15: Graph showing the mean oxide thickness for the EMS and MK foils. Notice how 
the MK foils have a larger maximum mean oxide thickness than the EMS foils. 
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Whisker lengths were different between the two types of foil. The MK foil did not have whiskers 
consistently throughout the foil, tending to have platelets rather than whiskers on top of the base 
oxide layer (Figure 16). The platelets all looked relatively similar, with similar sizes. The platelets 
sat atop the base oxide layer and did not seem to grow out of it, as the whiskers did (Figure 17).  
 
Figure 16: Graph showing the whisker lengths for the MK foil. Notice how there are not 
whiskers at every time, and the whisker lengths show significant scattered.  
 
Figure 17: SEM image of a oxide surface of the MK foils showing platelets instead of 
whiskers on top of the base oxide layer. 
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The EMS foil, on the other hand, had whiskers growing out of the base oxide throughout the 
oxide growth, all relatively around the same size, though with similar significant scatter (Figure 
18). The whiskers were much thinner and pointier than the MK foil platelets (Figure 19). 
  
Figure 18: Graph showing the whisker length of oxide on the EMS foils. Notice the scatter 
in the lengths and they do not change with increasing time at elevated temperature. 
 
Figure 19: SEM image showing the oxide whiskers on the EMS foil. The oxide grows with a 
base oxide with long alumina whiskers growing out of it.  
 
The structure of the oxide was also examined to determine if it would be a good attachment for 
the catalyst. The whisker structure of the EMS foil would provide a large surface area for the 
Base Oxide 
Whiskers 
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catalyst to attach to and adhere strongly. The platelet structure of the MK foil would not provide 
as good an attachment, since there is less surface area, but there may still be enough surface 
area for the catalyst to adhere to the oxide.  
 
EDS Composition Analysis 
The composition of the foils, base oxide, and whiskers were analyzed over the course of the 
isothermal oxidation to determine if there was a change in composition as the foil was oxidized. 
The amounts of iron, chromium, and aluminum in the foils were measured, in weight percent, to 
determine if the levels changed as the oxide grew on the surface. The percentage of aluminum in 
the foil was expected to decrease as the oxide grew and started to deplete the amount of 
aluminum. This was not seen in the EDS analysis for either foil. The aluminum levels in the MK 
foil stayed the same over the course of oxidation, while the levels in the EMS foil actually seemed 
to increase (Figure 20). 
 
Figure 20: Graph showing the levels of aluminum in the MK foil and EMS foil as they were 
oxidized for 400 hours.  
 
The iron and chromium levels in the foils were not expected to change through the isothermal 
oxidation. This was the trend seen in the EDS data, neither the composition of the iron (Figure 
21) nor chromium (Figure 22) changed for either of the foils over the isothermal oxidation.  
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Figure 21: Graph showing the levels of iron in both foils over the course of the 400 hours 
of oxidation. Notice how there is no distinct change in the amount of iron in either foil. 
 
Figure 22: Graph showing the weight percent of chromium in both foil over the course of 
the isothermal oxidation. Notice how the composition of chromium does not change much 
over the 400 hours. 
 
Analysis of the composition of the base and whiskers showed no reactive elements within the 
oxide of either foil during any stage in the isothermal oxidation. The aluminum to oxygen ratio was 
also examined to determine if alumina was growing on the foils. This ratio showed no trend and 
seemed rather sporadic (Figure 23). This may be because aluminum and oxygen are such light 
elements that it is difficult to get an accurate percentage calculation with EDS, so the results may 
be only approximate.  
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Figure 23: Graph showing the ratio of aluminum to oxygen. Notice how there is no 
common trend between either of the foils. The ratio should be 1.5 for alumina, and many of 
the ratios are around this number. 
 
EDS analysis also showed traces of manganese and nickel in the EMS foil, around 0.5 and 0.35 
weight percent, respectively. No elements other than oxygen, aluminum, chromium, and iron 
were detected for the MK foil. 
 
The composition of the black oxide, which started to grow on the EMS foils at 200 hours, was 
also analyzed. The oxide was expected to be a mixture of iron and chromium oxides. EDS 
analysis showed it indeed was a mixture of both iron and chromium oxides, indicating the start of 
breakaway oxidation in small parts of the foils.  
 
Discussion 
MK Foils 
The results of the MK foil analysis showed what was expected of the oxide growth. The foils 
continued to increase in weight up and through 400 hours, following a parabolic curve. This curve 
could be characterized by the parabolic rate constant, and followed the curve accurately enough 
for this constant to be a good prediction of the growth of the oxide. This parabolic rate constant 
could not be compared to literature values because it was in percent weight gain, while most 
literature values are in weight gain per area. The thickness of the oxide also followed a similar 
curve, continuing to grow in thickness through the 400 hours of isothermal oxidation. Finally, the 
EDS analysis showed no change in the composition of the iron, chromium, or aluminum 
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throughout the oxidation testing. This was to be expected since the foil showed no signs of 
anything but alumina growth on the surface.  
 
Though not detectable, the rare earth elements in the foil diffuse into the oxide as it grows off of 
the foil. These elements segregate to at the grain boundaries of the alumina, helping to prevent 
oxygen from diffusing through the alumina and into the foil. The elements used in the MK foil did 
a good job of this and prevented too much oxygen from reaching the foil and depleting the 
aluminum in the foil. Since oxygen was not able to reach the foil, no chromium or iron oxides 
were detected and the foil was still stable through the 400 hours of isothermal oxidation.  
 
The structure of the oxide for the MK foil fluctuated between whiskers and platelets. This was 
expected since it was growing at 900°C. So it was most likely growing the metastable α-Al2O3 
phase, which can grow in either platelet or whisker form14. If the foil were to be oxidized at 
1100°C, as they are intended to be, there would only be θ-Al2O3 whiskers growing. Growing oxide 
at this temperature would then get rid of the platelet problem, so only whiskers would grow, which 
would allow for a good attachment site for the catalyst.  
 
EMS Foils 
Alumina grew on the surface of the EMS foils for 200 hours during isothermal oxidation. At this 
200 hour mark, alumina stopped growing and chromium and iron oxides began to overtake the 
foil. Both the weight gain analysis and oxide thickness analysis show growth of the oxide up to 
200 hours, then the oxide stops growing and stays at the same thickness and foil weight through 
400 hours. The alumina initially grew with a base oxide below the whiskers, both increasing in 
thickness for the first 200 hours. Then, the aluminum became depleted in the foil and no more 
alumina growth could occur, so iron and chromium oxides began to grow using the oxygen which 
was diffusing through the alumina. These iron and chromium oxides grow much faster than the 
alumina, so they quickly overtook the stainless steel and went through the entire foil. The iron and 
chromium oxides were converting the stainless steel into oxide, so there was no weight change 
seen. These oxides have no mechanical stability and just broke off and the rest of the foil. This 
indicates that breakaway oxidation is starting in parts of the foil, though it had not occurred 
through the entire foil.    
 
Though there was no indication that aluminum had been depleted in the foils, the onset of iron 
and chromium oxide growth is a good indication of this. Alumina would have continued to grow on 
the surface of the foils, had there still been aluminum in the foil.  
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One way to prevent depletion of the aluminum in the foils would be to slow the diffusion of oxygen 
through the alumina.  The diffusion of oxygen could be prevented by adding reactive elements 
into the foil. These reactive elements would act in the same way as they do in the MK foil and 
would segregate to the alumina grain boundaries and slow the diffusion of oxygen. If the diffusion 
of oxygen through the alumina can be slowed, the aluminum in the foil would last longer, and iron 
and chromium oxides would begin to grow much later in isothermal oxidation.  
 
The structure of the alumina on the EMS foils shows the metastable α-Al2O3 phase. This phase 
seems to only grow in the whisker form, not in platelets, so it will provide a good attachment site 
for the catalyst. If the oxide were initially grown at a higher temperature, more stable θ-Al2O3 may 
grow, which could provide an even stronger attachment site for the catalyst.  
 
Conclusions 
Overall, the alumina grew on the MK foil in the manner predicted. The oxide growth followed a 
parabolic curve, which can be defined by a parabolic rate constant. The oxide continued to grow 
in a stable manner past 400 hours. It would be beneficial to test the isothermal oxidation 
properties of the MK foil at a temperature closer to its working temperature, such as 1100-
1200°C. This would also help to grow the stable θ-Al2O3 phase, instead of α-Al2O3, which may 
produce a more uniformal whisker growth rather than the mixture of whiskers and platelets.  
 
The EMS foil showed good whisker structure for attachment of the catalyst yet needs some 
improvement in the composition so it can withstand longer times at elevated temperatures. 
Adding reactive elements to the composition of the foil may help to reduce the diffusion of oxygen 
through the alumina and help delay the onset of iron and chromium oxide growth. This could 
prevent the leveling off seen at 200 hours and cause the oxidation of the EMS foil to follow the 
parabolic path predicted. Mainly the EMS foils need to be developed more to increase their 
lifespan, yet they show promise in their whisker structure as a good substrate for use in catalytic 
converters.  
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